ABSTRACT The Mutator system of transposable elements (TEs) is a highly mutagenic family of transposons in maize. Because they transpose at high rates and target genic regions, these transposons can rapidly generate large numbers of new mutants, which has made the Mutator system a favored tool for both forward and reverse mutagenesis in maize. Low copy number versions of this system have also proved to be excellent models for understanding the regulation and behavior of Class II transposons in plants. Notably, the availability of a naturally occurring locus that can heritably silence autonomous Mutator elements has provided insights into the means by which otherwise active transposons are recognized and silenced. This chapter will provide a review of the biology, regulation, evolution and uses of this remarkable transposon system, with an emphasis on recent developments in our understanding of the ways in which this TE system is recognized and epigenetically silenced as well as recent evidence that Mu-like elements (MULEs) have had a significant impact on the evolution of plant genomes.
INTRODUCTION
A distinguishing feature of transposable elements (TEs) is their propensity to induce mutations. Among the most mutagenic of all TEs are the Mutator elements of maize. Lines carrying large numbers of these elements can exhibit mutation frequencies 50 to 100 times that of background (1, 2) . This is due to a very high transposition frequency, which can exceed one new insertion per element per generation (3, 4) , as well as a propensity to insert into or near genes (5) . Because they are so mutagenic, Mutator elements have been very useful in both forward and reverse genetic screens in maize and recent high-throughput methodologies have only made the system more so (6) . However, in addition to its utility, the Mutator system has also provided important clues as to the consequences of unrestrained TE activity, and the means by which active TEs are controlled by their host. This chapter will provide a review of the biology, regulation, evolution and uses of this remarkable transposon system, with an emphasis on recent developments in our understanding of the ways in which this TE system is recognized and epigenetically silenced.
CLASSES OF MUTATOR ELEMENTS IN MAIZE
Like many TE systems, the Mutator system in maize includes both autonomous and nonautonomous members. All Mutator transposons share similar, ∼215 bp terminal inverted repeats (TIRs), but each class of these transposons contains distinct internal sequences (7, 8) . MuDR elements are the autonomous class of the Mutator element (9, 10, 11) . They encode the proteins necessary for transposition of both themselves and the more numerous nonautonomous elements. Nonautonomous Mutator elements may be deletion derivatives of MuDR transposons, or they may be elements that share the same TIRs as MuDR elements but that flank unique internal sequences (7) .
Autonomous MuDR Elements
MuDR elements carry two genes, mudrA, which encodes the putative transposase, MURA, and mudrB, which encodes a second protein, MURB, of unknown function (7) (Fig. 1A) . Interestingly, while genes homologous to mudrA are extremely widespread and apparently ancient, those homologous to mudrB are restricted to the genus Zea (8, 12) . Transcription of these two genes is convergent and is initiated from within the nearly identical TIRs (TIRA and TIRB, respectively) (Fig. 1B) (13) . The two convergent transcripts are terminated 200 bp from each other. Interestingly, each transcript contains several direct repeats upstream of the site of polyadenylation, and the region between the two transcripts would exhibit a high degree of secondary structure if it were expressed in either direction (13) . Presumably, these structural features inhibit the production of excessive antisense transcripts. However, despite this, antisense transcripts due to read-through transcription or from deletion derivatives of MuDR have often been detected and do not appear to have negative effects on Mutator activity (13, 14, 15, 16) . The mudrA transcript includes three introns, one of which is in the 5′ UTR (Fig. 1A) . If all three introns are spliced, the result is an 823-amino acid polypeptide with a predicted molecular weight of 94 kD. Comparative analysis of mudrA-homologs in other species suggests that this is the predominant functional protein (7) . The mudrB gene also includes three introns, only two of which are efficiently spliced, and encodes a 207-amino acid, 23 kD polypeptide.
MURA carries several conserved motifs consistent with its putative function, including a MULE (Mu-like element) transposase domain containing a catalytic DDE motif (part of the RNAseH fold), a SWIM zinc finger, and at least three nuclear localization signals (7, 17, 18) (Fig. 1A) . DNAseI protection experiments indicate that this protein binds to a site within Mutator TIRs near the end of the elements (Fig. 1B) (19) . Beyond that, little is known about the biochemistry of MURA activity, due in no small part to the fact that it is refractory to cloning in E. coli. Further, although there are published reports of antibodies raised to MURA, these antibodies lack specificity (they recognize protein in maize plants that lack activity), so their utility is questionable (20) . A more detailed understanding of MURA function and biochemistry will require a sustained effort.
The function of MURB remains unclear. However, it is known that transgenic constructs or deletion derivatives containing only mudrA can cause somatic excisions of Mutator elements, but not germinally transmitted insertions (15, 21) . Thus, it would appear that MURB is required for integration of Mutator elements, but not their excision. In situ analysis suggests that both mudrA and mudrB are expressed at highest levels in actively dividing cells and in pollen, consistent with the observation that the MuDR TIRs contain plant cell-cycle enhancer motifs and functionally defined pollen enhancers (16, 22, 23) . Antibody analysis of MURB expression has shown that MURB protein is present at highest levels in actively dividing cells, particularly those in floral meristems, an observation that is consistent with in situ analysis of RNA expression (16, 23) . Interestingly, MURB is undetectable in prepollen mother cells, suggesting that MURB expression is tightly regulated just prior to meiosis. In contrast, both mudrB RNA and MURB are readily detectable in pollen.
MuDR Deletion Derivatives
Like many other Class II (DNA) elements, MuDR elements are prone to produce deletion derivatives, sometimes at very high rates, and multiple copies of these derivatives have often been observed, many of which retain the promoter elements within the TIRs (15, 17) . In most cases the derivatives contain deletions of MuDR sequences that include one copy of short repeat sequences as well as the region between those repeats (24) . These deletions can occur during somatic development, resulting in clonal sectors of lost activity, or they can occur in the germ lineage, resulting in heritable transmission of these derivatives. A detailed analysis of one family segregating for a single MuDR element revealed that roughly one-third of the progeny carried independent deletion derivatives at the original position of that element (25) . Some of the deletions were of particular interest. MuDR-d107 has a deletion within mudrA. It produces a normal mudrB transcript and an internally deleted mudrA transcript. Although it can transpose in the presence of a fully functional MuDR element, it does not produce a functional transposase itself. These observations indicate that MURB is, by itself insufficient to cause any aspect of Mutator activity. In contrast, a deletion derivative that expresses only mudrA is competent to cause somatic excision of a reporter element, but is not sufficient to catalyze germinal insertions (15) .
Finally, there are deletion derivatives that permit transcriptional read through from one MuDR gene into the other. MuDR-d202, for instance, has a deletion in the 3′ end of the mudrA gene. In addition to a slightly truncated mudrA transcript and a normal mudrB transcript, this deletion derivative produces a significant amount of transcript that initiates from mudrB and extends into mudrA, resulting in mudrA antisense transcript. The presence of this antisense mudrA transcript has, however, no obvious effect on activity. Similarly, there is evidence that full length MuDR elements, due to the convergent transcription of mudrA and mudrB, produce detectable amounts of antisense transcript that do not affect levels of activity, nor do constructs specifically designed to transcribe only antisense mudrA transcript (14, 16) . Thus, it would appear that MuDR elements are refractive to epigenetic silencing via antisense transcript.
In addition to active MuDR elements, the maize genome is host to a number of MuDR homologs called hMuDR elements. These elements are very similar to MuDR elements, but do not produce functional protein, nor do they have any direct effect on Mutator activity (20) . They do produce transcripts, but only at low levels, and most of that transcript is restricted to the nucleus (26) . Given that these elements are also associated with 24 to 26nt small RNAs, it is likely that they are deeply silenced and refractive to reactivation by MuDR elements (27) .
Nonautonomous Mutator Elements
To date, 16 classes of nonautonomous Mutator elements have been identified in Mutator active lines. There are currently 13 classes of these elements that have been fully sequenced in maize (Fig. 2) . Those that are known to be transpositionally active are Mu1(or Mu1.4) (28, 29, 30), Mu1.7 (31), Mu3 (32), Mu4 (33, 34) , Mu7/rcy (35) Mu8 (36), and Mu13 (37). Each of these has been fully sequenced. There are also at least three other active elements that have only been partially sequenced: Mu10, Mu11, and Mu12 (34). Mu14, Mu15, Mu16, Mu17, Mu18, and Mu19 are elements whose capacity to transpose has not been established, but whose structure and sequence suggest that they can (37) . Although additional elements may be identified in the future, given that all Mu-active lines originated from a single line (2) , and given the extensive sequencing that has been done in multiple derivatives of this line, it is likely that most or all active Mutator elements have now been identified. With the exception of deletion derivatives of MuDR, all nonautonomous Mutator elements in maize carry captured fragments of host genes, and are referred to generically as "Pack-MULEs" (7, 33, 38) (Fig. 2) . As the captured sequences are very similar to the cognate host genes, it is likely that these sequences were captured, or transduplicated, relatively recently (8) . (39, 40) . These lines are referred to as "Standard Mutator lines," or "Tagging lines." This effect is due to the presence of large numbers of actively transposing Mutator elements. Lines with a lower copy number of elements do not exhibit this form of Mutator activity even if they do carry actively transposing Mutator elements. A second way to monitor activity is to observe somatic excisions of a reporter element in, for instance, a color gene. If the color gene is expressed in the kernel, activity can be assessed by looking for the characteristic spots of revertant tissue (Fig. 3A) . This assay does not depend on the copy number of Mutator elements, and is a reliable indicator of the presence of MURA transposase (albeit not of mutagenic potential) (9, 10) .
Standard Mutator lines do not exhibit Mendelian inheritance of activity. Instead, inheritance is determined by variation in MuDR copy number as well as spontaneous silencing. Mutagenic potential is regularly lost in about 10% of the progeny of a standard Mutator line upon out crossing or self-fertilization. Interestingly, the frequency of lost activity in these lines increases following several rounds of self-fertilization (40) . Spontaneous silencing is associated with methylation of both nonautonomous and autonomous Mutator elements, and it is largely irreversible (41, 42, 43) .
In addition to the production of mutants, many standard Mutator lines exhibit a distinctive set of phenotypes referred to as "Mutator syndrome." These phenotypes include stunted growth, necrotic, often torn leaves low pollen production and poor seed set (2, 44) . The fact that lines that share few of the same insertions exhibit similar phenotypes suggests that Mutator syndrome represents a generic effect of activity rather than the effects of specific insertions. Further, a comparison of RNA and protein in plants with Mutator activity and related individuals that had lost activity revealed dramatic changes in gene expression in response to Mutator activity (45) . Interestingly, many of the differentially expressed genes encode proteins involved in stress response, suggesting that Mutator activity represents a chronic stressor.
Minimal Mutator Lines
As useful and interesting as the complex phenomenology of standard Mutator lines is, the lack of Mendelian genetics made analysis of regulation of the system difficult. This changed with the identification of lines that segregated for a single MuDR element. The lines, which are referred to as minimal Mutator lines, were derived by recurrent crosses to a line that lacked Mutator elements or any factors that inhibited Mutator activity. One such line contained a factor called Cy, and a reporter element in the bz1 gene called rcy (46, 47) . Subsequent molecular analysis revealed that Cy is a MuDR element, and rcy is a Mu7 element (24, 47) . This was the first published evidence that the Mutator system could be regulated by a single locus, in a fashion similar to that observed for systems regulated by Ac or Spm. Analysis of Cy revealed that it transposed at a relatively low frequency, often to unlinked sites. A similar minimal line was independently derived by two groups (9, 48) . In this case, a standard line carrying a Mu1 element in the promoter of the A1 gene (the a1-mum2 allele) was crossed repeatedly to a line carrying a reference mutant allele of A1 (a1-rDt; sh2), which lacked Mutator elements. Eventually, ears were identified that segregated for a single regulatory locus on chromosome 2L, later designated MuDR(p1), for MuDR at position one. Repeated subsequent crosses to the a1sh2 line, continually selecting for ears that segregated for a single regulatory locus gave rise to a line that carried a single MuDR element, and a single Mu1 element at the reporter. Subsequent genetic and molecular analysis revealed that this was possible because MuDR(p1), and the nonautonomous Mutator elements under its control, exhibits a relatively low germinal duplication frequency (48, 49) . Thus, each back cross to a1sh2 resulted in a reduced copy number of the nonautonomous elements.
MECHANISM OF MUTATOR ELEMENT TRANSPOSITION
There is very little direct biochemical evidence for the mechanism of Mutator element transposition. However, given the presence of a DDE motif, it is likely that excision and integration are similar that of a broad array of other members of this superfamily of Class II transposons, including the bacterial IS256 element (50, 51, 52) . Significant advances in understanding the biochemistry of Mutator element transposition will require an amenable heterologous system. There are, however, some clues as to the mechanism of Mutator element transposition in maize based on the consequences of Mutator element activity in different tissues at different stages of development.
Possible Transposition Intermediates
IS256 employs a closed circular intermediate (53, 54) (Siguier et al., this volume). Interestingly, extrachromosomal Mu1 circles have also been detected in maize (55) . The presence of these circles is dependent on the presence of active MuDR elements, suggesting the MURA can catalyze their production. However, the junctions of these circles has not been determined, and it is not known if they are true transposition intermediates. Interestingly, a distantly related MULE, Transposon Ellen Dempsey (TED) (discussed below) also produces TE circles in the presence of the transposase (56) . As with Mutator circles, the circles associated with TED are covalently closed and are more complex than simple end-to-end fusions. Those that were complete carried filler sequences not present at the donor site. Those that were truncated had deletions within the element, or of flanking sequences, or of either or both of the ends at the junctions. Interestingly, the internal deletions were flanked by imperfect direct repeats, similar to those observed within MuDR elements. As with Mu, it remains unknown whether or not the circles represent true transposition intermediates.
Timing of Transposition
Mutator element transposition is tightly regulated, and the consequences of transposition vary dramatically depending on the cell lineage. In somatic tissue such as the aleurone, the vast majority of reversions occur in the last few cell divisions (57, 58) (Fig. 3 ). Given that a similar pattern of excision is observed when expression of mudrA is driven by a constitutive 35S cauliflower mosaic virus promoter, this pattern is unlikely to due to changes in expression of the native MuDR promoter during development (59) . Direct cytological analysis of a modified transgenic variant of Mu1 called RescueMutator revealed that new insertions, as well as excisions, occur in somatic tissues. Importantly, each cell that carried a new insertion also lost the element at its original position, consistent with a simple cut-and-paste transposition reaction in these cells (21, 60) . Further, analysis of large numbers of empty insertion sites in somatic tissues have revealed the presence of "footprints" consistent with repair of double-stranded gaps via nonhomologous end joining (NHEJ) (61, 62) .
Germinally transmitted reversion events are exceedingly rare (39) . In contrast, germinally transmitted insertions are frequent and often occur very late during development of the sprorophyte germinal lineage, or in the gametophyte (17, 63) . Unlike insertions in somatic tissue, these insertions are not associated with a loss of the original element and are generally to unlinked sites (21, 64) . Thus, the consequences of Mutator element activity vary dramatically depending on the tissue in which that activity occurs.
One way to explain these observations is to assume that transposition of Mutator elements always involves excision, but the repair of the resulting double-stranded gap varies depending on time and tissue (23, 24) . If excision in the germinal lineage occurs exclusively in S1 subsequent to replication of the inserted element, then the sister chromatid would be available to mediate repair. The result would be an apparent replication of the element, as excised elements would be restored following excision (Fig. 4) . In contrast, late during somatic development, excision events may occur prior to S1, or may be repaired primarily using nonhomologous end joining, a conclusion supported by analysis of footprint sequences in somatic tissues.
There are several lines of evidence supporting this model. Deletions within MuDR elements are consistent with strand slippage during template mediated repair, which results in a deleted region flanked by short repeats (24) . While deletion events often occur late in the germinal lineage, they can also occur in earlier during development, resulting in clonal sectors of various sizes in which only a deletion derivative of a full length element is present (8, 49) . In combination with evidence for clonal sectors in which elements have duplicated early during development, this observation suggests that excisions are happening prior to the last few cell divisions, but that those excisions are repaired successfully, resulting in duplication events, or unsuccessfully, resulting in deletion derivatives (9) . Also consistent with gap repair associated with slippage, are insertions of filler DNA from nearby sequences into sites of excision in relatively rare early excision sectors (62) . As with the deletion derivatives, these events appear to be mediated by short stretches of direct repeats and are presumably the result of strand slippage during gap repair. Finally, analysis of RAD51 mutants in maize strongly support a role for double-stranded gap repair in germinally transmitted Mutator transposition. RAD51 plays a central role in the Homologous Recombination pathway in maize (159, 160) . In Mutator active plants that were mutant for RAD51, germinally transmitted deletions within MuDR elements and of sequences flanking MuDR element were 40 times more frequent than in wild type siblings. This suggests that germinally transmitted Mutator element replication requires homologous recombination mediated by RAD51.
Insertion Preferences
Like many TEs, Mutator elements do not insert randomly within the genome. Several high throughput experiments have yielded tens of thousands of novel insertions (5, 65, 66) . Although a large majority of the maize genome is composed of retrotransposons, the vast majority of insertions are into low copy regions of the genome, in or near genes. The most comprehensive survey of 40,000 nonredundant insertions revealed a strong preference for the 5′ ends of genes and with recombinationally active regions (67) . More specifically, the insertions showed a strong correlation with chromatin marks associated with open chromatin configuration and with single copy sequences. Thus, H3K9ac or H3K4me3 modifications were most associated with elevated frequencies of Mutator insertions and H3K27me3 and DNA methylation were least associated. Similar preferences for the 5′ ends of genes are also observed with other class II elements in both maize and other species, suggesting that preference for open chromatin around the transcriptional start site of genes is a common strategy for optimizing TE amplification. Overall, the target site duplications also showed an increased GC richness, coincident with the documented GC richness known to be found in the 5′ ends of genes in maize and other monocots (68) .
SUPPRESSIBLE ALLELES
Suppressible insertion alleles are those in which the mutant phenotype is dependent on the presence or absence of the transposase (69) . A wide variety of suppressible Mutator insertions have been identified, examples of which include Les28 (42), hcf106::Mu1 (70), a1-mum2 (9), and mutant alleles of rs1, lg3 (71), kn1 (72, 73) and rf2a (74) . The specific nature of the suppression effect depends the nature of the insertion, but in each case, it would appear that that the combination of the insertion and the transposase are required to alter gene expression. Thus, insertions that result in dominant ectopic expression, such as those in Les28 or Lg-Or422 only exhibit that ectopic expression in the presence of Mutator activity. Similarly, recessive insertion alleles such hcf106::Mu1 or a1-mum2 only express functional transcript in the absence of activity. The most parsimonious explanation for these observations is that the transposase binds to the ends of the inserted Mutator elements and blocks normal function, resulting in a mutant phenotype. Given that several of the suppressible mutations characterized to date have insertions in regulatory regions, and Mutator elements tend to insert into the 5′ region of genes, where regulatory motifs are often found it is likely that suppressible mutations are common in Mutator active lines. Because Mutator activity is often lost during introgression into various inbred backgrounds, many of these suppressible mutations have probably not been characterized, as the phenotype is lost when activity is lost. In most cases, given their instability, such mutations are not particularly useful. However, suppressible mutants can be useful in some cases. For instance, lethal suppressible mutations can be kept as FIGURE 4 A model explaining the differences between late somatic and germinal Mutator element transposition. (A) In all tissues, Mutator element excision produces a doublestranded gap. What is hypothesized to vary is how that gap is repaired. (B) In germinal (and early somatic) lineages the gap is repaired using the sister chromatid, which requires that excision occurs primarily after DNA synthesis. Occasional strand slippage, mediated by short stretches of sequence homology, can result in deletions within the element. (C) In contrast, during the last few rounds of cell division in somatic tissue, the doublestranded gap is repaired using nonhomologous end joining, resulting in a characteristic set of "footprints." In each case, the excised element can insert at a new location, but in the germinal lineage, sister-chromatidmediated repair restores an element at the original position. doi:10.1128/microbiolspec .MDNA3-0032-2014.f4
homozygotes, and the phenotype can be uncovered by crossing activity back in. Further, because activity is often lost in clonal sectors, suppressible mutations can be used for somatic sector analysis (42, 75, 76) .
The existence of suppressible mutations raises some interesting questions concerning the evolution of regulation of gene expression, as they suggest that regulation of gene expression can be determined by the presence of the transposase. Indeed, it was this effect of TEs on genes that Barbara McClintock found more intriguing than TE transposition (77) . Although most suppressible mutations are unlikely to be selectively beneficial there are in fact many instances in which homologs of mudrA have in fact been integrated into regulatory networks (discussed below). In some of these cases, the initial step in that process may have been suppressible alleles that provided a selective advantage to the host.
POSITION EFFECTS
Because MuDR(p1) regularly transposed to new positions in the genome, it was possible to compare various positions with respect to various aspects of Mutator activity. The first effect observed was that when MuDR(p1) transposed to a new position, its transposition frequency doubled. This suggests that the low frequency of transposition of MuDR at position 1 was due to a cis effects. Subsequent analysis of the sequences flanking MuDR(p1) provides some clues as to why that might be. As discussed above, Mutator elements tend to transpose into single copy sequences. Often those are genes, but the maize genome, like that of many species, contains vast numbers of gene fragments that have been transduplicated by TEs (78) . In the case of MuDR(p1), MuDR is inserted next to a gene fragment that had been captured by a helitron and is flanked on the other side by a heavily methylated helitron terminus (Lisch, unpublished data) . This may be responsible for the low level of transposition MuDR at this position. This also suggests a possible function for transduplicated sequences. Because they carry genic sequences, they may attract Class II elements like Mutator but the insertions do not have a fitness cost, as most transduplicated sequences are unlikely to be functional (79) . If the resulting position effects also reduce (or even eliminate) subsequent transposition, then these tens of thousands of transduplicated genes may act as "traps" for TEs by soaking up and immobilizing potentially damaging TEs.
Although it has a reduced transition frequency, MuDR (p1) causes a typical frequency of somatic excision of the nonautonomous element at a1-mum2 (Fig. 3) . A second, transposed copy of MuDR(p1), MuDR(p3), exhibits a dramatically lower excision frequency (64) (Fig. 5A) . As with the reduced transposition of MuDR(p1), this effect is due entirely to position; when this element transposes to a new position, the excision frequency of Mu1 is restored to a more typical level (Fig. 5C ). When this happens during development of the ear, the result is an ear sector in which heavily spotted kernels segregate (Fig.  5B) . In the subsequent generation, MuDR(p3) and the newly transposed copy can be segregated away from each other and each retains its characteristic effect on Mu1 excision (64).
EPIGENETIC SILENCING
A characteristic feature of standard Mutator lines is their propensity to undergo spontaneous silencing. This process results in inactivation of large numbers of Mutator elements simultaneously, and remains poorly understood. Spontaneous silencing involves the acquisition of cytosine methylation in Mutator elements of all classes, including MuDR, and the loss of mudrA and mudrB transcript (17, 80) . Once it occurs, it is heritable and very stable. However, it does not appear to be a consequence of the production of a heritable factor that can go on to silence newly introduced MuDR elements. Thus, when activity is reintroduced to a line that had been silenced, subsequent rates of silencing are not increased (81) . Indeed, when MuDR(p1) was introduced to silenced lines, activity segregated as a single Mendelian locus (64) .
Mu Killer
A distinguishing feature of minimal Mutator lines is an absence of epigenetic silencing. As a rule, activity is lost in these lines due to simple genetic segregation, position effects, or deletions within MuDR elements (25) . There is, however, a notable exception to this rule. In one family originally segregating for MuDR(p1), there arose a single dominant locus that can heritably silence one or more MuDR elements. This locus, designated Mu killer (Muk) is a transposed copy of MuDR(p1) that underwent rearrangement, such that one end of the element (including TIRA and a portion of mudrA) was duplicated and inverted. In addition, portions of three genes were deleted (82) . (Fig. 6A) . This rearrangement resulted in a long (2.2 kb) inverted repeat sequence, flanked by the 5′ portions of two genes.
Although the normal promoter for mudrA is present and intact in Muk, it does not appear to be functional, perhaps as a consequence of epigenetic silencing. Weakly spotted, pale and heavily spotted kernels were picked from a single ear and their DNA was examined for evidence of MuDR transposition. Analysis of the weakly spotted and pale kernels show that segregation of MuDR(p3) correlates with the weak spotting phenotype. Analysis of the heavily spotted kernels shows that in each case, a new fragment, consistent with a transposition event, appeared. Note that in some cases both MuDR(p3) and a transposed copy were present, while in others, only the transposed copy is available, suggesting that these transposition events occurred prior to meiosis. doi:10.1128/microbiolspec.MDNA3-0032-2014.f5
Instead, the dominant promoter for Muk expression is located in the 5′ adjacent gene, designated Accomplice1 (GRMZM2G175065). The Muk transcript is initiated from within this promoter and it extends through the truncated Accomplice1 gene, through the long inverted repeat of the MuDR sequence, and then is terminated and polyadenylated in sequences found upstream of the 3′ truncated gene (GRMZM2G175218). RNAase protection experiments reveal that the long hairpin transcript produced by Muk is double-stranded, as expected, and small RNA blots show that it is the source of small, mostly 22 nt siRNAs.
When plants carrying MuDR are crossed to those carrying Muk there is an immediate, uniform effect on somatic excision of the reporter when Muk is introduced via the female (Fig. 6C) . In contrast, Muk has no effect on somatic excision of the reporter in the aleurone of the seed when it is introduced through the male. Regardless of the direction of cross, however, MuDR is effectively silenced early during development of F1 plants (83) . If plants carrying both MuDR and Muk are crossed to a tester that carries only the reporter element, progeny seeds carrying only MuDR lack somatic excisions, and plants grown from those seeds lack transcripts from either mudrA or mudrB. Once silenced, these elements remain inactive for multiple generations (83) .
Silencing of mudrA by Muk is associated with increased methylation in the TIR associated with mudrA, as well as enrichment in H3K27m2 and H3K9me2, two chromatin marks often associated with epigenetic silencing (84) 
Like mudrA, mudrB is heritably silenced by Muk. However, the developmental tragectory of that process is quite distinct. It does not appear to involve the production of small RNAs or homology to the Muk transcript, and only occurs when mudrB is in cis to mudA; deletion derivatives that express only mudrB are unaffected by Muk, even in plants that carry both Muk and an intact MuDR in trans to the deletion derivative. In F1 plants carrying both MuDR and Muk, mudrA is heavily methylated and transcriptionally silenced by the immature ear stage (84) . In contrast, mudrB continues to express normal levels of normally sized transcript in this organ. However, this transcript does not appear to be polyadenylated. By the next generation, it is entirely absent.
Developmental Progression of Muk-Induced Silencing
Although silencing of MuDR by Muk is highly efficient over the course of one generation, the process by which this occurs is unexpectedly complex. In part, this is due to features unique to the Muk locus, and in part, due to changes in epigenetic regulatory pathways during plant development.
Maize, like most plants, undergoes a transition from juvenile to adult growth. Maize produces a series of leaves sequentially from its vegetative meristem. The first few leaves produced in the seedling are called juvenile leaves. Subsequent leaves are called adult leaves. Juvenile and adult maize leaves are distinguished by a number of characteristics, including waxes, hairs and cell morphology (85) (Fig. 7A) . Transition leaves are those that have sectors of both juvenile and adult morphology. It is only following the transition to adult growth that maize is reproductively competent.
In juvenile leaves of plants carrying both MuDR and Muk, TIRA is heavily methylated by the forth leaf (the last juvenile leaf). Remarkably, all methylation is absent in the fifth and sixth leaves (the transition leaves) (84) . Methylation is then restored at a lower level in all subsequent leaves, as well as in the shoot apical meristem during adult development, and in young developing tassels and ears. The loss of methylation in the transition leaves is associated with a loss of repressive chromatin marks and a restoration of mudrA expression. Importantly, however, methylation of nonautonomous elements is not lost. This indicates that functional MURA (whose presence invariably results in hypomethylation of Mutator TIRs) is not present, and that the machinery necessary for maintaining Mutator TIR methylation is present in these transition leaves.
The loss of silencing of TIRA in transition leaves is associated with a transient loss of Leafbladeless1 (Lbl1) transcript in those leaves. Analysis of lbl1 mutants confirms that Lbl1 is required for methylation of TIRA by Muk in juvenile leaves. Interestingly, a mutation that converts adult leaves to juvenile leaves, Corngrass1 (Cg1) also shifts both the pattern of methylation of TIRA and expression of lbl1, suggesting that Cg1 is epistatic to lbl1. Lbl1 is a homolog of the Arabidopsis gene, SUPRESSOR OF GENE SILENCING3 (SGS3) (86). In arabidopsis, this gene works cooperatively with RNA-DEPENDENT RNA POLYMERASE6 to produce double stranded RNA from a variety of templates, including transcript from sense-antisense gene pairs, viral RNA and transcripts involved in the tasiRNA pathway (87, 88) . One target of that pathway is AUXIN RESPONSE FACTOR3 (ARF3). In that case, a microRNA, mir390 is used to trigger the production of double-stranded RNAs, which are cleaved into phased tasiRNAs, some of which target ARF3 (89, 90) . In maize, ARF3 expression is increased in transition leaves in which lbl1 transcript is reduced, consistent with the known relationship between these genes (84) . Similarly, a number of sense-antisense gene pairs in maize are also upregulated in both lbl1 mutants and in transition leaves (Lisch, unpublished) . These surprising findings suggests that a number of targets of the silencing pathway are coordinately released from repression in leaves just prior to reproductively competent adult growth. The function of this transient change in regulation of so many targets of the tasiRNA pathway is somewhat mysterious. However, it is tempting to speculate that it is a system that has evolved to briefly relax processing of targets of this pathway as a way to increase target RNAs. This idea is supported by the observation that expression of Lbl1, and methylation of TIRA, is restored as transition leaves grow larger. Thus, the loss of silencing of MuDR is transient, both during the development the plant as a whole, and during the development of individual leaves. This process is reminiscent of similar periods of relaxation of silencing at other stages of development. In arabidopsis pollen, for instance, silencing pathways are relaxed in the vegetative nucleus (which does not contribute to the next generation) (91, 92, 93, 94) . This results in the production of trans-acting small RNAs that can reinforce silencing in the sperm cell nuclei, one of which will fertilize the egg (Fig. 7B) . In fact, polyadenylated mudrA transcripts from silenced MuDR elements are readily detected in pollen, suggesting this also occurs in maize (91) . Similarly, there is evidence that silencing is relaxed in the terminally differentiated endosperm (the starchy part of the seed), which is also thought to enhance silencing in the embryo, likely via movement of small RNAs (Fig. 7C) (95, 96, 97) . Note that in each case, silencing is relaxed in a tissue that is adjacent to, but not part of, the germinal lineage. The overall theme is one in which information in the form of transcripts from otherwise silenced TEs is gathered in a tissue in which the consequences of TE activity is minimal in order to enhance silencing germinal lineages. Each maize plant can be crossed as a male, or a female, or to itself. (B) A cartoon of a maize seed, showing the location of the embryo, endosperm (a terminally differentiated nutritive tissue), and the aleurone, which is the outer cell layer of the endosperm that is competent to express color. (C) A cartoon of a mature pollen grain, which contains three nuclei. The vegetative nucleus is responsible for the development of the pollen tube, and will not contribute to the next generation. Of the two sperm cells, one will fertilize the two polar nuclei to give rise to the triploid endosperm, and one of which will fertilize the egg cell to give rise to the embryo. In each part of the plant illustrated here, tissues and cells in which a relaxation of TE silencing has been observed are indicated by red asterisks. doi:10.1128 /microbiolspec.MDNA3-0032-2014.f7
Spontaneous Silencing
In addition to the directed heritable silencing initiated by Muk, standard lines exhibit high rates of spontaneous epigenetic silencing. This is often a progressive process, in which increasingly large and frequent clonal sectors contain methylated autonomous and nonautonomous Mutator elements (42) . In cases in which those sectors include portions of developing ears, the result can be patches of kernels carrying inactive Mutator elements. Plants grown from these kernels remain inactive, as do progeny of those kernels. Interestingly, there is no evidence that the spontaneous loss of activity in these plants is due to the emergence of new "Mu killers." This is based on the observation that inactivated lines do not silence otherwise active lines, suggesting the absence of a heritable factor that is competent in inactivate Mutator elements (49, 81) . However, lines that are self-fertilized for several generations exhibit an increased frequency of silencing, and there is evidence that these lines, unlike those in which activity was lost upon outcrossing, can inactivate otherwise active lines (40) .
The cause of spontaneous silencing is not known. Within somatic sectors in which activity is spontaneously lost, there is no evidence of rearrangements of MuDR elements. There is evidence that standard lines undergoing silencing have an increased relative amount of nuclear localized MuDR and/or hMuDR transcript, but this is likely to be due to the loss of normal, polyadenylated transcript in the cytoplasm rather than in increase in the absolute quantity of nuclear transcript (26) . Similarly, there is some evidence for small RNAs in these plants, but the quantity of these small RNAS (at least in the tissue examined) is not greater in silencing versus active plants.
Given that the most likely source of silencing information in standard lines are the MuDR elements, it may be that all MuDR elements produce some quantity of aberrant transcript, and at some level of expression, this aberrant transcript triggers a cascade of small RNA production via an RNA-dependent RNA polymerase such as RDR6. This scenario would be similar to that observed during silencing of the Evade retroelement in arabidopsis, in which silencing is tightly linked to increases in copy number of the element (98) . In the case of Evade, this is due to the production of a small quantity of small RNAs that eventually trigger transitive silencing of the promoter. In MuDR, it could be that a similar source of small RNAs could be produced via read-through of the two convergently transcribed genes encoded by MuDR. It should be noted, however, that even a single MuDR element produces very large amounts of transcript, and that even 35-S driven antisense mudrA transcript does not appear to trigger MuDR silencing (14, 15) .
A second possibility is that rearranged or aberrant elements are in fact produced at a high frequency late during somatic development. Any one of these may be insufficient to trigger silencing, but large numbers of them may eventually do so. As these events occur in somatic tissue, in order to trigger heritable silencing they would have to produce small RNAs that could be transferred to the meristem. Recent evidence from grafting experiments suggests that catalytically active small RNAs are in fact transported from leaves, and small RNA-mediated systemic silencing of viruses can protect the meristem from viroid infection (99, 100, 101) . However, as we have seen with Muk, once silencing of an element is achieved it no longer requires the presence of the trigger.
Maintenance of Silencing
Once epigenetically silenced, MuDR elements are remarkably refractive to reactivation. There are, however some mutants and environmental treatments that can destabilize the silenced state of these elements.
Mop1 is the maize version of RNA-DEPENDENT RNA POLYMERASE2 (27, 102) . In maize, as in other plants, RDR2 is required for the production of the vast majority of 24 nt small RNAs associated with RNAdirected DNA methylation (103) . It is also required to maintain methylation at Mutator element TIRs. It is not, however, required for the initiation of silencing of MuDR by Muk, perhaps due to the fact that the Muk transcript is already a double-stranded hairpin and thus does not require the activity of an RNA polymerase (27, 82) . Interestingly, MuDR is only reactivated after several generations in a mop1 mutant background, despite immediate effects on MuDR TIR methylation. Further, it is only mudrA that becomes transcriptionally active; in one experiment, mudrB remained silenced after eight generations in the mutant background (104) . Thus, although both mudrA and mudrB are silenced by Muk, only mudrA requires mop1 for maintenance of that silenced state.
Interestingly, there are position effects with respect to the maintenance of silencing, one of which has been well documented. As discussed above, MuDR(p3) exhibited a reversible position effect with respect to its effect on the reporter element in a1-mum2 (Fig. 5) . As illustrated in the figure, subsequent transposition events can then be easily detected as heavily spotted kernels on an ear segregating mostly weakly spotted kernels. Although Muk has a strong effect on somatic excisions in the kernel in the first generation if it is present in the female parent, it has no effect in F1 kernels when it is present in the male parent (83) . Thus, plants carrying MuDR(p3) could be crossed to plants homozygous for Muk and the resulting progeny kernels could be screened for transposed copies of MuDR(p3) by picking heavily spotted kernels.
Plants carrying those transposed copies could then be test crossed to determine the stability of silencing at these new positions. One position [MuDR(p5)], showed a strong propensity to become reactivated after the loss of Muk due to genetic segregation (105) . When a reactivated MuDR(p5) element transposed to a new position, this propensity was lost, suggesting the epigenetic instability of MuDR(p5) was due to cis-acting sequences. These observations raise the intriguing possibility that plant genomes encode cis-acting sequences whose function is to erase previously established silencing.
MuDR(p5) is exceptional. In most cases, once silenced, either due to exposure to Muk or due to spontaneous silencing, MuDR elements remain that way for many generations. However, there are some environmental conditions that can result in reactivation. UV-B radiation, at conditions comparable to those at encountered 33% ozone depletion have been shown to reactivate MuDR expression and trigger excision of a reporter element (106) . Subsequent experiments demonstrated that this increased expression was associated with decreases in modifications associated with epigenetic silencing, including H3K9 dimethylation, HP1 enrichment and DNA methylation (107) . There is also evidence that low-dose ion implantation can reverse silencing and DNA methylation of MuDR elements, albeit infrequently (108) .
USES OF THE MUTATOR SYSTEM
Because of its high mutagenic potential, the Mutator system has been used in forward screens for several decades (6, 109, 110) . However, although new mutants were easy to obtain, isolating the insertion responsible for the mutation was laborious and often unsuccessful (110) . More recently, high throughput sequencing of sequences flanking Mutator elements in active lines has dramatically improved the odds of doing so (111) . Reverse genetic resources of Mutator element insertions are also available. TUSC, a resource provided by industry, has proved to be an invaluable source of new insertion alleles, with a 90% success rate and an average of three insertions in each targeted gene (6) . A similar, publically financed project, the maize targeted mutagenesis population derived from 43,776 plants is also available (112) .
The advantage of this population is that Mutator activity was eliminated using a Mu killer-like locus, thus minimizing somatic insertions that are not heritably transmitted. Finally, 38,000 lines with sequenced indexed Mutator insertions are also now available (113) . These lines lack active MuDR elements and are thus stable, and they have been recurrently backcrossed into the W22 inbred background, thereby minimizing confounding background variation. Collectively then, Mutator has been, and will continue to be, an invaluable source of new mutants.
OTHER ACTIVE MULES IN MAIZE
MuDR elements are the canonical representative of a supergroup of Class II elements referred to as Mu-Like Elements (MULEs). In addition to MuDR, maize contains at least two other distinct classes of active autonomous MULEs: Jittery and TED (56, 114) . Phylogenetic analysis suggests each of these elements has been maintained as independent active element for many millions of years, as the TED/MuDR clade diverged prior to the rice/maize split, and the Jittery/MuDR clade diverged prior to the monocot/dicot split. Despite this, all three of these elements share characteristic features, including homology between the mudrA genes, long (∼200 bp) TIRs, and 9 bp target site duplications upon integration.
There are, however, some interesting differences between these maize MULEs. Both Jittery and TED are very low copy elements, even in lines exhibiting activity, and neither element carries a mudrB homolog. Jittery is also unusual in that, unlike all other maize elements, Jittery elements excise precisely, and thus do no leave footprints. Interestingly, although it can excise from a reporter, it does not transpose. Obviously, as it is inserted into the reporter in the first place, it had to have been able to transpose at one time. Thus, it is likely that the Jittery that was isolated is deficient in some way, because either it is missing a MURB-like function, or because of a sequence alteration, such as that observed within one of the TIRS of the cloned Jittery element.
Unlike Jittery, TED is competent to transpose, and leaves characteristic footprints upon reversion. Like Mutator and Jittery elements, TED elements excise late during somatic development, resulting in a very uniform pattern of reversions (56) . However, germinal reversions of TED induced alleles are 100-fold higher than the reversion frequency of Mu1-containing mutable alleles (161) . Interestingly, the vast majority of these reversion events occur in the female gametophyte subsequent to meiosis in the linage that fertilizes the endosperm.
In contrast, transposition defective deletion derivatives of TED arise frequently during meiosis, and are often associated with insertions of TED elements at new positions in the genome. These derivatives, like those of MuDR, appear to result from strand-slippage during template mediated repair subsequent to excision. These data suggest that the double-stranded gaps left following excision of TED elements are repaired differently during meiosis than in the haploid gametophyte. As with Mutator element, it would appear to be the response by the plant to a double-stranded gap produced by TE excision that appears to vary, rather than the mechanisms of TE transposition. TED elements, like Mutator elements transpose to unlinked sites and generally produce 9 bp TSDs on insertion.
EVOLUTION OF MULE ELEMENTS Active MULEs in Other Species
MULEs are present in a wide variety of species, including in phytophthora, diatoms, entamoeba, invertebrates, vertebrates, fungi, plants, trichomonas, and bacteria (51, 115) (Fig. 8) . All autonomous MULEs (by definition) share the MULE-specific DDE integrase domain (pfam10551), and often also carry one or more zinc fingers (7, 52, 116) . Most (but by no means all) have long terminal inverted repeats and produce target site duplications of 8 to 9 base pairs. A few putatively autonomous elements been demonstrated to be transpositionally active. This include those identified in rice (Os777 and Os3378) (117), Fusarium oxysporum (Hop) (118) , and arabidopsis (AtMu1, Hiun ) (119, 120) . Of these, only Hiun has been unambiguously demonstrated to be an autonomous element.
Capture of Genes by Autonomous MULEs
In addition to mudrA-homologous sequences, MULEs can acquire additional genes, presumably because they enhance the fitness of the element. The first example of this was mudrB, which is only found in MuDR elements in the genus Zea (12). As of May 2014, there continues to be a conspicuous absence of sequences similar to mudrB detectable in any other genus (Lisch, unpublished) . Presumably, mudrB was acquired by MuDR elements at some point, but there is no evidence for a cellular copy of mudrB in either maize or any other species. This suggests that either mudrB was horizontally transferred into a recent progenitor of maize from a species whose genome has not been sequenced, or that this gene was subject to high levels of positive selection, such that the cellular gene is no longer recognizably similar. The presence of distant relatives of MuDR in the maize genome that carry quite dissimilar mudrA and mudrB genes is consistent with the later scenario (Lisch, unpublished) .
Interestingly autonomous MULEs in other species have captured other genes. MULEs in several species have captured a gene with strong similarity to a conserved domain found exclusively in ubiquitin-like protein-specific protease (ULP1-like genes) (121, 122) . In arabidopsis, MULEs carrying this captured gene are of a class with short imperfect terminal inverted repeats (123) . Many of the captured genes show signatures of purifying selection, and most of them encode potentially functional proteins, suggesting continued function. Like other plants, the arabidopsis genome also contains cellular versions of ULP-1 proteases, presumably the source of the transduplicated copies within the MULEs. MULEs with transduplicated ULP-1 genes have also been identified in melon and rice, although in these cases the MULEs are of the long perfect TIR variety, suggesting independent capture events. Also consistent with multiple independent capture events are the presence of individual clades of these MULEs that can carry one or two ULP-1 genes in tandem or reversed orientation. In addition to MULEs in plants, MULEs carrying ULP-1 have also been identified in hydra and lancelet (124, 125, 126) .
Remarkably, ULP-1 genes are also found in completely distinct DNA type elements. Ginger (for Gypsy INteGrasE Related) elements are a widespread superfamily of DNA type elements found in animals that are not related to MULEs (124) . However, like some MULEs, some Ginger elements have captured ULP-1 protease domains, and others have captured OTU, a protease domain related to ULP-1. Similarly, members of a third distinct superfamily of DNA type elements found in a wide variety of species, Zisupton elements, carry an ULP-1 domain fused in cis to the transposase (127) .
The function of these added protease related genes is not known, but they apparently provide a generic advantage to DNA type elements. As these elements invariably introduce DNA damage when excising, it has been speculated that they may be involved in activating factors in the DNA repair pathway via ubiquitinylation (124, 128) .
A third instance in which a captured gene has a function for a MULE involves Hiun (Hi) (120). This MULE contains both a well-conserved transposase as well as a second gene, designated VANC. Normally, like most TEs, Hi is epigenetically silenced. However, when a plant containing silenced Hi elements was transformed with VANC, the silenced endogenous Hi elements were activated in trans. This process was associated with hypomethylation of the endogenous elements, suggesting that the VANC protein is competent to reverse epigenetic silencing of these elements. Interestingly, Hi is a member of a large and particularly successful family of MULEs in the genus arabidopsis that have short, degenerate TIRs, including the Arnold and Vandal subfamilies (123) . All major subgroups of the non-LTR MULEs, but none of the TIR-MULEs, have members that encode VANC-like proteins, suggesting that this protein has provided a long-term benefit for these elements. Global analysis of patterns of methylation in plants suggest that the hypomethylation triggered by VANC is highly specific to Hi and its close relatives.
Horizontal Transfer of MULEs
One way that TEs can avoid epigenetic silencing is to transfer from a host that is competent to recognize them to one that cannot, because it lacks sequences such as Muk that can trigger silencing. Although horizontal transfer of TEs is ubiquitous in bacteria (129) and common between animals (130), until recently there were no documented examples in plants. The first such case was transfer of one or more MULE between the ancestors of the genus Setaria and Oryza (131). Evidence for horizontal transfer was based on an unusually high degree of similarity between the MULEs in these species, a radical incongruity between the phylogenetic relationships between the MULEs and their hosts, and an absence of evidence for selection for protein function despite the high level of similarity. Similar analysis suggested a second horizontal transfer of a related MULE between Oryza and Old World (but not New World) bamboos. Since that study, additional investigations suggest that horizontal transfer of TEs may have been more common that was once thought (132, 133) .
EVOLUTIONARY IMPACTS OF MULE TRANSPOSONS IN PLANTS
Like all TEs, MULEs are both shaped by and shape genomes in which they reside. In some plant species, MULEs appear to have had a significant impact on their hosts.
Pack-MULEs
Nonautonomous MULEs are a particularly diverse group of elements because many of them contain captured, or transduplicated, fragments of host genes. Because transduplication can be quite frequent, the result can be genomes that are littered with thousands of mobilized gene fragments. Further, many individual Pack-MULEs contain fragments of more than one gene, raising the possibility that new functional genes may arise from this process (134) . The most comprehensive analysis of MULE-mediated transduplication was done in rice. In the genome of this species there are more than 3,000 Pack-MULEs, which contain fragments of 1,000 genes (38) . Similarly, it is estimated that maize contains 276 Pack-MULEs in addition to those specifically mobilized by MuDR (135). Pack-MULEs have also been identified in arabidopsis, Lotus, and sugar cane, suggesting that transduplication is a common feature of at least some (but not all) families of MULEs (8). The gene fragments found in Pack-MULEs are generally very similar to their cognate host genes, suggesting that most of these transduplication events occurred relatively recently. Given the ubiquity of this process, and the fact that few individual transduplication events are shared by related species, it is likely that most transduplicated sequences are rapidly lost, and that Mu-induced transduplication is a frequent event in many plant species.
Most Pack-MULEs carry only fragments of one or more genes (Fig. 2) (8) . Thus, the vast majority of the transduplication events that gave rise to these elements are unlikely to result in functional proteins (79) . However, there is some evidence that a subset of rice Pack-MULE encoded genes are translated, suggesting potential functionality (136) . Further, as many Pack-MULEs and other transduplicated sequences express transcript that is antisense relative to their cognate host genes, it is also been suggested that these elements may be a source of negative regulatory information (136, 137) .
There is also evidence that gene fragment capture by Pack-MULEs may have contributed to the pronounced tendency genes in monocots to exhibit a GC gradient, with the 5′ end of genes have higher average GC content than the 3′ end (68) . Pack-MULEs have a propensity to transduplicate GC regions of genes and they tend to insert into the 5′ ends of genes. In some cases, PackMULEs end up constituting the 5′ end of genes, presumably because after insertion, transcript initiates from within the element, a phenomenon that has been documented in both maize and rice (135, 138) . This raises the intriguing possibility that the observed GC gradient in monocots is at least in part a consequence of millions of years of sequence capture and deposition of GC-rich sequences by Pack-MULEs into the 5′ end of genes. To the extent that 5′ GC richness has a generic effect on gene expression, this would suggest that these TEs might have had a profound and generic effect on gene expression in the monocots.
MULE Domestication
Although most TEs are present in genomes simply because they can replicate themselves, there are many documented instances in which TE sequences have been coopted and retained over longer periods because they provide a fitness advantage to their host. There are a wide variety of ways in which this can occur. For instance, TEs can add enhancer elements, new splice sites, or they can contribute to epigenetic regulation of genes via silencing pathways (139, 140) . The most extreme example of this has been called molecular domestication, in which proteins encoded by TEs are exapted for a new function (141, 142) . In plants, molecular domestication has resulted in several clades of MULE derived genes, some of which are known to act as transcription factors modulating light response in arabidopsis. The first instance of this was uncovered in a screen for mutants impaired in far-red light response. Two of these mutations were of the FAR1 and PHY3 genes, both of which are derived from a transposase in the Jittery subfamily of MULEs (143) . Subsequent analysis revealed that these genes encode transcriptional factors that promote expression of a number of genes involved in various aspects of light response, including far-red-mediated seed deetolation, the circadian clock, chlorophyll biosynthesis, and chloroplast division (144, 145, 146, 147, 148, 149) . They do so by activating genes whose promoters contain a FHY3/FAR1 binding site. (147, 148, 149, 150) . Global analysis of binding of sites of FAR1 and PHY3 suggests that many other genes, and other pathways, may be influenced by these transposon derived transcription factors (148) .
Phylogenetic analysis suggests that FAR1 and PHY3 are members of one of at least three distinct clades of genes with homology to MULE transposases, all of which appear to have been exapted prior to the monocot/dicot split. One such clade includes genes called MUSTANG elements (151) . Although the function of these genes has not been established, at least some of them appear to be negatively modulated by phytohormones and by auxin, and their expression shows some tissue specificity (152) . Further, mutations in some combinations of these genes have defects in growth, flowering and reproduction (153) . Finally, a third clade of MULE-related genes has been identified in rice. Like FAR1 and the MUSTANG genes, genes within this clade are, unlike MULEs, expressed ubiquitously and are often found at syntenic positions in related species (Lisch, unpublished data) (154) .
CONCLUSIONS AND FUTURE DIRECTIONS
The Mutator system has proved to be a remarkable source of information concerning the biology and evolution of transposable elements. This is due to the fact that the autonomous element has been unambiguously identified, very large number of de novo insertions have been characterized, and the system can be easily silenced using a single dominant locus.
A more detailed understanding of the biochemistry of the transposition reaction will require a sustained effort to recreate a functioning system in an amenable system like yeast. Analysis of the function of MURB will be of particular interest, given its somewhat mysterious origin and function. As we know that a 35S-driven mudrA cDNA is sufficient to cause somatic excisions but not insertions of a reporter element, it will be interesting to examine a line that contains transgenic copies of both mudrA and mudrB to see if insertional activity can be restored in trans and whether or not both can function in a heterologous system. It will also be interesting to determine whether MURB interacts with proteins other than MURA, and whether constitutive expression of MURB has more general effects than those we see on Mutator element activity.
Although the means by which mudrA is silenced by Muk is reasonably well understood, its somewhat mysterious effects on mudrB are not. Why, for instance, does Muk trigger a loss of polyadenylation (but not transcription) in F1 plants carrying both MuDR and Muk, and why must mudrB be in cis to mudrA in order to be silenced by Muk? Similarly, we know almost nothing about spontaneous silencing. Presumably, this process involves the production of small RNAs, but no evidence for the production of a specific class of small RNAs associate with this process. It could be that the ratio of MuDR transcript and small RNAs produced by these MuDR elements at some low level reaches some kind of a threshold, as is observed in the Evade and Onsen retroelements in arabidopsis (155, 156) . Alternatively, rearrangements in somatic tissue may produce a population of small RNAs that can be transported to the meristem, where they would trigger both somatic and germinal silencing. A test for this hypothesis could involve mutants that specifically affect the transport, but not the function, of small RNAs produced in leaves.
MULEs will continue to be a rich source of information concerning the evolution of TEs in general, and the role that they have played in shaping host evolution. Maize continues to be an excellent model because it is now host to at least three distinct, active autonomous MULEs. The similarities and differences between these elements can tell us how three versions of MULEs have evolved different strategies for long-term survival within the same genome. For instance, do Jittery and TED elements maintain a low duplication frequency as a strategy to avoid triggering the kind of silencing observed when Mutator elements reach high copy numbers? Under what circumstances, if any, would these other MULEs rapidly increase their copy number, and what, if anything, will trigger silencing of these elements?
Given that we have already identified one instance of horizontal gene transfer, and new plant genomes are being sequenced at a rapid pace, it will also be interesting to see if horizontal transfer of these elements has been common. Conversely, we will also have the opportunity to determine how frequently molecular domestication of MULEs, or exaptation of any MULE sequence, has occurred. Those that have been identified were relatively ancient, but a comprehensive analysis of large numbers of related plant species may identify additional, more recent, instances. Plants are particularly amenable to this kind of analysis because of their high rates of pseudogene and TE deletion (157, 158) . For instance, although sorghum and rice are only 10 million years diverged, TEs that lack a function for the host are rarely maintained at syntenic positions. Thus, any MULE sequence that is retained at the same position over a comparable distance between any two species will be an excellent candidate for exaptation.
One of the real advantages (and great joys) of studying TEs is the degree to which they can provide a window onto a wide variety of subjects, from the biochemistry of transposase function, to the physiology of TE silencing, to the evolution of genes and genomes. Because of their diversity, ubiquity, and sometimes very high levels of activity, MULEs are uniquely suited to serve as a model for understanding the ways in which TEs and their hosts engage in an ongoing coevolutionary conversation. As is illustrated in this chapter, this process can result in a remarkable continuum of interaction. From the rapid and mutagentic spread of Mutator elements in maize Standard Mutator lines that triggers efficient epigenetic silencing, to the domestication of MULE transposases that appear to have played a key role in the ability of flowering plants to sense and respond to light. Until recently, it was possible to gather fascinating but essentially anecdotal evidence for those interactions. With recent technological advances, it should be possible to gain a far more comprehensive view of the kinds of changes that currently active MULEs can cause, as well as those changes that have been contributed to plant adaptation over long periods of time.
